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Minimizing the release of nutrients from municipal Water Resource Recovery 
Facilities (WRRF) and runoff is vital to reducing nutrient pollutants in waterways. In the 
United States, municipal WRRF implement phosphorus (P) removal and recovery 
processes to limit nutrient releases leading to eutrophication and hypoxic zones. These 
systems vary in their potential for removal of P versus recovery of P, total P removal, and 
their cost of implementation at the WRRF. While models do exist for commonly used P 
removal processes, little work has been done to develop a general heuristic framework 
aimed at determining what type of P removal process is best fit for WRRFs of varying 
throughput, influent compositions, and treatment configurations.  
This work develops a generalized plantwide process model used to assess the 
feasibility of operating various types of nutrient recovery systems at a WRRF. The model 
compares the effectiveness of plant configurations in P removal and potential recovery 
as struvite. Full-scale WRRFs are modeled and simulated using hydromantis GPS-X 
software. The nutrient removal configurations considered are activated sludge (AS), 
activated sludge with ferric chloride chemical precipitation (AS_CP), modified Bardenpho 
enhanced biological phosphorus removal (EBPR), and side-stream struvite precipitation 
(EBPR_FBR). State input variables (total P, total nitrogen, Ortho-P, flow rate) were 
randomly sampled using Monte Carlo Latin Hyper Cube sampling to create potential 
treatment scenarios. Calculated and operational variables were based on state variables 
and used as design variables to optimize configurations for P removal. The model outputs 
supplied data regarding the P removal, sludge production, and uncontrolled struvite 
production in order to compare the effectiveness and operational functionality.  
This plantwide modeling assessment demonstrates a meaningful design space to 
compare the magnitude of P removal and recovery across configurations and influent 
characterization. The AS_CP plant demonstrated reliable P removal and TP effluent 
quality with a sludge production increase of 3.3-5.5 times other configurations. EBPR and 
EBPR_FBR showed a slight increase in P removal, but require further study regarding 
the state, calculated, and operational variables intended to optimize the performance. The 
EBPR P removal demonstrated dependence on influent TP and TKN and a carbon excess 
in the EBPR train, indicating the need for an alternative approach to optimizing the 
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process. Further work addressing the uncertainties associated with plant wide modeling 
of the configurations assessed will provide data to best inform decision making regarding 
P removal technologies. A generalized plantwide process model that considers various 
types of nutrient recovery schemes allows for cost-effective implementation at municipal 
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CHAPTER 1: INTRODUCTION 
 
Phosphorus (P) management plays a vital role in the Food-Energy-Water (FEW) 
nexus, especially considering food security and social equity (Cordell, Drangert, & White, 
2009; Mayer et al., 2016). Food production relies on rock-phosphate fertilizers with nearly 
80-90% of mined rock-phosphate used for food production. While the application of 
fertilizers provides food security it also comes with losses: only 16% of applied P ending 
up in food products and 35% ending up in waterways (Cordell, Drangert, & White, 2009; 
Cordell & White, 2014). Additionally, phosphorus flows show more than 50% of P 
accumules in agricultural soils and waste management systems like landfills (Chowdhury 
& Chakraborty, 2016) demonstrating a clear need for P management in the FEW network. 
Holistic P management examines “P fertilizer demand, mining P rock, discharge in 
waterways, environmental impacts, and inefficient use of wasting” (Chowdhury & 
Chakraborty, 2016). P removal and recovery at water resource recovery facilities (WRRF) 
addresses discharges in waterways, environmental impacts, and provides a potential 
substitute to offset fertilizer demands. The implementation of P removal and recovery 
technologies are important in managing P flows (Baker, 2011; Muster et al., 2013; Zhang 
et al., 2013). 
 The United States increasingly incorporates P removal requirements for WRRF to 
address excess P in waterways that leads to eutrophication, algal blooms, and dead 
zones (Smith, Tilman, & Nekola, 1999) which limit recreational use and impair drinking 
water quality (Illinois Environmental Protection Agency, 2008). For example, the largest 
hypoxic zone in the Gulf of Mexico costs the county and estimated $2.2 billion annually 
(Dodds et al., 2009). Stricter National Pollutant Discharge Elimination System (NPDES) 
permits and the development of state Total Maximum Daily Loads (TMDL) for nutrients 
has increased installation of upgraded technology for P removal and recovery (Mayer et 
al., 2016). Recovery technologies allow the potential for of P reuse to be considered 
where it could act as a significant replacement for rock-phosphate (Egle, Zoboli, Thaler, 
Rechberger, & Zessner, 2014).  
 This study aims to address the need for accurate modeling of the potential for P 
removal and recovery at WRRF. The objective of this work is to predict phosphorus 
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removal and recovery potential based on plant wide modeling of randomly sampled 
influent characteristics. As opposed to P recovery based on magnitude from human 
excreta, this work seeks to contextualize P removal technical feasibility for the range of 
water resource recovery facilities (WRRF) influent flow sizes and characteristics seen in 
the United States. A broad understanding of performance can inform discussions on 
efficiently meeting NPDES nutrient limits to mitigate nutrient pollution impacts.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 PHOSPHORUS ACCOUNTING 
 
 Quantifying the magnitude of P flows develops both an understanding of where P 
losses occur and where the potential for P recovery exists within food-energy-water 
systems. P accounting assessments addressing potential P recovery have been based 
on per capita (Metson et al., 2018; Trimmer & Guest, 2018), food consumption patterns 
(Metson et al., 2018), income proxy for food consumption (Drecht, Bouwman, Harrison, 
& Knoop, 2009), or waste management patterns (Morée, Beusen, Bouwman, & Willems, 
2013). Studies have utilized flow percentages based on waste treatment system 
efficiencies to discuss the potential for P recycling. For example, Metson et al. sought to 
understand the potential for urban recycling of P from human excreta by calculating flow 
percentages associated with waste management systems using World Bank sanitation 
service chain data. Beyond flow percentages, there have been assessments on 
magnitude of potential recovery combining waste management systems with per capita 
data assuming nutrient content of human excreta (Mayer et al., 2016; Trimmer & Guest, 
2018). These global perspectives assessed potential for nutrient recovery with a focus on 
magnitude of nutrients (i.e. urban centers) serving as a driver for recovery to enhance 
food security and sustainability. However, the application of P recovery systems based 
on magnitude of recoverable P is often a “necessary, but not a sufficient factor” (Metson 
et al., 2018). Socio-economic factors such as ““infrastructure, capital, biophysical context, 
governance, and regulation” play a role in P recovery and, therefore, an assessment of P 
from magnitude from waste products within and beyond urban hotspots is necessary.  
 
2.2 PHOSPHORUS AS A RESOURCE 
 
Agricultural food production heavily relies upon mined rock-phosphate P fertilizers with 
the demand for fertilizers increasing (Cordell et al., 2009; Food and Agriculture 
Organization, 2017) annually. Rock-phosphate reserves are diminishing and P recovery 
from human waste can serve as a supplement to traditional mineral fertilizers. Land 
application of biosolids or sewage sludge (Mihelcic, Fry, & Shaw, 2011) or use of waste 
derived fertilizers such as struvite (Plaza et al., 2007) on agricultural lands offer an 
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alternative P source. Globally, applying human waste to agriculture lands could account 
for up to 22% of global P fertilizer demand (Mihelcic et al., 2011), but large portions of 
nutrients in human waste are not being recycled to agricultural lands (Sheldrick, Syers, & 
Lingard, 2002). In the United States, nearly 74% of corn productions P needs could be 
served from domestically sourced recovered P products (Metson, MacDonald, 




Sewage sludge biosolids P content ranges depending on the waste treatment system. 
Typical P by dry mass of sewage sludge is 2-3% (Yuan, Pratt, & Batstone, 2012). For 
treatments employing enhanced biological phosphorus removal (EBPR) the P content 
can increase by 3-5 times making it effective for certain agricultural uses (Yuan et al., 
2012). Land application of biosolids can be restricted based on the heavy metal or 
pathogen concentrations within the biosolids (Gheju, Pode, & Manea, 2011), crop nutrient 
need, P bioavailability (Singh & Agrawal, 2008)  and the potential for bioaccumulation 




Waste derived struvite (magnesium-ammonium-phosphate) has a range of 6-13.1% P by 
weight making it a suitable P fertilizer (Cabeza, Steingrobe, Römer, & Claassen, 2011; 
Latifian, Liu, & Mattiasson, 2012). Previous studies have demonstrated struvite is an 
effective fertilizer in a range of soil types, soil pHs, and crop types. Struvite has tested 
comparably for plant uptake or dry matter yield when compared to monocalcium 
phosphate (MCP), double-superphosphate (DSP), triple-superphosphate (TSP), and 
fused-superphosphate (FSP) – all commonly used fertilizers in industry (Cabeza et al., 
2011; Johnston & Richards, 2003; Massey, Davis, Ippolito, & Sheffield, 2009; Plaza et 
al., 2007; Talboys et al., 2016).  In addition to its agricultural applicability, struvite is 
considered a slow-release fertilizer.  Due to low solubility in water 1-5% (Achat et al., 
2014; Cabeza et al., 2011; Fattah Kazi P., Mavinic Donald S., & Koch Frederic A., 2012; 
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Ganrot, Dave, Nilsson, & Li, 2007; Md. Mukhlesur Rahman et al., 2014), struvite dissolves 
slower, releasing nutrients longer throughout the growing season allowing for higher P 
uptake in plants (Talboys et al., 2016). The nutrient release of struvite under soil 
conditions (sandy, acidic, neutral loamy) has been observed through in P-leaching from 
column trials (Chen et al., 2006; Md M. Rahman, Liu, Kwag, & Ra, 2011) soil solution P-
solubility measurements(Cabeza et al., 2011), dissolution of fertilizer salt pellets by 
percentage (Talboys et al., 2016), and dissolution assays (Latifian et al., 2012) noting P 
release 2-82% from struvite.  As a slow-release fertilizer, it is also assumed to reduce the 
P lost to waterways compared to conventional fertilizers which have high water solubility. 
The increased P uptake and reduced runoff potential associated with struvite could lead 
to cost savings and environmental benefits (Talboys et al., 2016). The largest concern for 
struvite is cost prohibitive entry info fertilizer markets, making it more suitable for niche, 
high-end markets (Mayer et al., 2016). In order to be a viable  high-end market fertilizer, 
struvite will require product quality in terms of size, nutrient content, nutrient release rate, 
and heavy metal composition (Mehta, Hunter, Leong, & Batstone, n.d.) and the ease of 
handling, marketing and transportation (Massey et al., 2009) which can be difficult to 
ensure for waste derived struvite.  
 
2.3 PHOSPHORUS MANAGEMENT REGULATIONS  
 
The United States has begun addressing nutrient pollution at regional and state 
levels through the Clean Water Act (CWA) with the creation of state-level numeric nutrient 
water quality criteria, the development of total maximum daily load (TMDL), and the 
inclusion of nutrient limits in the renewal of National Pollutant Discharge Elimination 
System (NPDES) permits. There are 23 states with established numeric nutrient water 
quality criteria for some waters (U.S. EPA, 2018). 
  Under the CWA, regulations regarding runoff differentiate point and nonpoint 
sources. Point source pollution is federally regulated by the EPA, and polluters are 
required to apply for NPDES permits (M. O. Ribaudo, Heimlich, & Peters, 2005). These 
NPDES permits must at minimum follow federal effluent limits, but state environmental 
agencies have the right to enforce stricter regional effluent limits. There is no equivalent 
federal regulation for non-point sources, which provides states the agency to impose their 
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own regulations under the CWA. It is important to note that agricultural runoff was exempt 
from classification as a point source under the CWA. This exemption allows all agricultural 
runoff, including tile drains, to be considered a non-point polluter (Rev. 1213, n.d.). States 
most often lean on voluntary BMP adoption to minimize or manage pollution from these 
sources (M. O. Ribaudo et al., 2005; M. Ribaudo, Savage, & Talberth, 2014). TMDL and 
watershed nutrient limits often allow for broader watershed management allowing for  
engagement of point and nonpoint source actors (M. Ribaudo et al., 2014).  
 Regional nutrient reduction strategies have been developed in order to address 
hypoxic zones, such as in the Gulf of Mexico. The Environmental Protection Agency 
(EPA) created the Gulf Hypoxia Action Plan (GHAP) for the Mississippi River Basin (MRB) 
to address the United States’ largest hypoxic zone in the Gulf of Mexico (United States 
Environmental Protection Agency, n.d.). The plan included nutrient reduction strategies 
for point source municipal wastewater treatment plants (WWTP) and non-point source 
agricultural and urban runoff. 
  As the largest contributor of nutrients in the MRB, Illinois established the Illinois 
Nutrient Reduction Strategy with 25% phase I reductions in P loads by 2025 and a long-
term goal of 45% reductions to comply with the GHAP (Illinois Environmental Protection 
Agency, 2008). Illinois’ main P polluters are WRRFs and agriculture contributing 48% of 
total P each, and as a whole the state contributes. 
 
2.4 MARKET BASED PHOSPHORUS MANAGEMENT  
 
Water Quality Trading (WQT) is a mechanism for watersheds to maintain water 
quality at a lower cost by allowing dischargers to trade pollutant mitigation credits (Water 
Research Foundation, 2016). The U.S. EPA first established this market-based approach 
to nutrient management in the 2003 Water Quality Trading Policy (U.S. EPA, 2003). The 
EPA combined with the United States Department of Agriculture (USDA) for the Water 
Quality Credit Trading Agreement (2006) to address unregulated non-point discharges 
(M. Ribaudo et al., 2014). Recently, the EPA updated the Water Quality Trading Policy 
with “market-based principles” intended to increase the development of WQT markets 
(U.S. EPA, 2019).  
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A WQT market for nutrients takes a point to nonpoint source structure similar to 
the market in the Chesapeake Bay Region (M. Ribaudo et al., 2014). Nutrient credits 
consider pounds of P prevented from entering waterways are given to non-point sources 
or farmers who implement best management practices (BMP) such as “changing fertilizer 
application rates, changing production practices, growing varying crops, and retiring land” 
(M. O. Ribaudo et al., 2005). These nonpoint credits would then be sold in the WQT 
market to point sources or WWTP. Accruing credits would give WWTP flexibility in 
meeting effluent limits by subtracting the credits from the total P in a plant’s effluent. 
Plants could employ a mix of applied technology and credit reductions to reduce the P 
load from their plant.  
  The CWA and TMDLs create basic market drivers for WQT (M. O. Ribaudo et al., 
2005). Under the CWA, regulations regarding runoff differentiate point and nonpoint 
sources and TMDL can be used to set the cap of WQT markets. The difference in 
regulatory enforcement for point and nonpoint source polluters under the CWA drives the 
necessity of point sources to buy credits, and the benefit of selling a credit encourages 
nonpoint actors to implement a BMP that they would otherwise be unmotivated to operate 
under. The requirement of meeting potentially stricter NPDES permits for point sources 
provides the market motivation to buy “pollution” credits available from nonpoint 
agricultural actors at a lower cost that nutrient abatement at the WWTP. The fundamental 
assumption or expectation requires that the cost of agriculture nutrient management will 
be less than the cost of nutrient removal technologies at point source wastewater 
treatment plants. The cost differential should create a high demand for credits (Md. 
Mukhlesur Rahman et al., 2014; M. O. Ribaudo et al., 2005). 
 
2.5 WATER REUSE AND RECOVERY PHOSPHORUS REMOVAL AND RECOVERY 
 
Phosphorus removal is increasingly implemented in the United States to mitigate 
eutrophication and meet nutrient NPDES effluent limits. The U.S. EPA Clean Watersheds 
Needs Survey (2012) to congress reported 200 wastewater treatment plants with P 
removal unit processes with 61% employing general Enhanced Biological Phosphorus 
Removal (EBPR), 14.5% Modified Bardenpho, and 9.5% using chemical precipitation 
(U.S. EPA, 2016). Following the CWNS data collection time period, Ostara has installed 
 8 
11 Ostara PearlⓇ struvite recovery reactors across the U.S. allowing for the recovery of 
P for potential fertilizer reuse and lower effluent limits to be met. 
 
2.5.1 Chemical Precipitation 
 
Phosphorus removal can be achieved through the addition of metal salts like ferric 
chloride, aluminum sulfate, and lime (Mackenzie, 2010). Depending on the treatment 
requirements metal salts can be added upstream of a primary settling tank (pre-
precipitation), before the secondary clarifier (co-precipitaiton), or following secondary 
clarification (post-precipitation)(Mackenzie, 2010). Co-precipitation allows for 
simultaneous removal of biosolids and ferric phosphate in the secondary clarifier with 
effluent TP 0.5-1.0 mg/L (U.S. EPA, 2009). Post-precipitation requires a separate settling 
tank for removal (Mackenzie, 2010), but can achieve effluent TP <0.1 mg/L (U.S. EPA, 
2009). Chemical precipitation allows for P removal with little physical upgrades to a plant, 
but increases operating costs due to chemical addition and increased sludge volume 
(U.S. EPA, 2009). Additionally, ferrous salts added pre-precipitaiton impact the fine 
bubble and membrane diffusers performance as they make oxidize in aeration basins 
(Mackenzie, 2010). 
 
2.5.2 Enhanced Biological Phosphorus Removal 
 
 The enhanced biological phosphorus removal (EBPR) process relies on 
microorganisms that can uptake P under the right conditions, allowing for the removal of 
P in the biomass of the system (Metcalf & Eddy, 2014). EBPR’s dominant species are 
phosphorus accumulating organisms (PAOs) which maintain an advantage over other 
organisms through the anaerobic/aerobic design of the process. In the anaerobic zone 
PAOs break internal polyphosphate bonds generating energy for COD uptake as volatile 
fatty acids. (Metcalf & Eddy, 2014).  Then, in the aerobic zone PAOs can break down the 
volatile fatty acids for energy and growth, while uptaking ortho-phosphate in the system 
to store for later use.  
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 EBPR configurations utilize anaerobic, aerobic, and anoxic zones to maximize 
PAO growth and uptake in a system. Primary EBPR processes include anaerobic-
oxidation (A/O), 5-stage Modified Bardenpho, University of Capetown (UCT), and 
Johannesburg (JHB) with modifications to each system based on internal recycles and 
number of zones (U.S. EPA, 2009). EBPR processes have demonstrated TP effluent of 
0.1-1.0 mg P/L depending on the wastewater characteristics, and the ability to achieve 
effluent as low as 0.05 mgP/L when combined with chemical treatment (Metcalf & Eddy, 
2014; U.S. EPA, 2009). However, EBPR processes can increase struvite deposition in 
digesters and pipes, causing operational issues (Sharp et al., 2013).  
 
2.5.3 Struvite Recovery  
 
Struvite precipitation (Eq. 1) is dependent upon the pH and supersaturation 
conditions in a WRRF sidestream. Struvite has been known to naturally precipitate under 
the right conditions in anaerobically digested waste streams (Fattah Kazi P. et al., 2012) 
causing a decrease in hydraulic capacity, major operational downtime, and increased 
maintenance costs (Doyle & Parsons, 2002). To minimize these costs and recover 
phosphorus, struvite precipitation can be controlled through the addition of magnesium 
compounds to control the supersaturation and adjusting the pH through NaOH addition, 
aeration, or consumption of hydrogen ions through microbial fuel cells (Galbraith & 
Schneider, 2014; Matynia, Koralewska, Wierzbowska, & Piotrowski, 2006). The ability to 
control the natural precipitation reaction makes struvite a viable magnesium phosphate 
for phosphorus recovery a reuse as a fertilizer.  
 
𝑀𝑔#$ + 𝑁𝐻($ + 𝑃𝑂(+, + 6𝐻#𝑂 → 𝑀𝑔𝑁𝐻(𝑃𝑂( ∗ 6𝐻#𝑂     (1) 
 
Solubility of struvite is dependent on the solution supersaturation, the degree in 
which the solute concentration deviates from is equilibrium in a given solution(Ronteltap, 
Maurer, Hausherr, & Gujer, 2010). Solution supersaturation can be impacted by factors 
such as initial phosphorus concentration, magnesium to phosphorus ratio, pH value, 
coexisiting ions (calcium ions, carbonate ions, suspended solids and heavy metals), and 
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inlet flow velocity of fluidized bed reactors (Fang, Zhang, Jiang, & Ohtake, 2016). The 
saturation index (SI) of struvite precipitation (Eq. 2) is described by the ionic activity 
product (IAP) (Eq. 3) and the thermodynamic solubility product (Ksp) (Eq. 4) (Galbraith & 
Schneider, 2014). Reported values of struvite pKsp in literature are found in Table 2. 
Variations in pKsp values reported depends on the assumptions made in the research 
including neglecting ionic strength, the optional use of mass balance or electroneutrality 
equations, and what chemical species are included in the calculation (Hanhoun et al., 
2011). 
 
𝑆𝐼	 = 𝑙𝑜𝑔	 6789
:;<
=         (2) 
 
𝐼𝐴𝑃	 = 	 {𝑀𝑔#$}{𝑁𝐻($}{𝑃𝑂(+,}       (3) 
 
𝐾BC 	= 	 [𝑀𝑔#$][𝑁𝐻($][𝑃𝑂(+,]       (4) 
 
Table 2.1 Struvite solubility constant reported range 
pKsp at 25°C Reference 
9.4-13.26 (Borgerding, 1972) 
12.6 (Snoeyink, 1980) 
12.94 (Aage, Andersen, Blom, & Jensen, 1997) 
13 (Mamais, Pitt, Cheng, Loiacono, & Jenkins, 1994) 
13.12 (Burns & Finlayson, 1982) 
13.15 (Taylor, Frazier, & Gurney, 1963) 
13.16 (Musvoto, Wentzel, Loewenthal, & Ekama, 2000) 
13.26 
(Jia et al., 2017; Kazadi Mbamba, Tait, Flores-Alsina, & 
Batstone, 2015; Ohlinger, Young, & Schroeder, 1998; Triger, 
Pic, & Cabassud, 2012) 
13.36 (Fang et al., 2016) 
14.1 (Lee, Kumar, & Jeon, 2016) 
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There are numerous full-scale systems provided for wastewater facilities including 
AirPrexⓇ process, Cone-shaped fluidized bed crystallizer, CrystalactorⓇ, Multiform 
Harvest, NuReSysⓇ process, Pearl process, PhosnixⓇ process, and PHOSPHAQTM 
process with 80-90% P removal efficiencies (Metcalf & Eddy, 2014).  
Integration of struvite recovery technologies in the side-stream at WWTP will 
require additional equipment with substantial capital cost and introduces operating costs 
related to required chemical addition (Hallas, Mackowiak, Wilkie, & Harris, 2019). 
Additionally, experimental work has noted variability in struvite reactor performance with 
the potential for fines production and recycling under operational conditions currently 
used (Agrawal, Guest, & Cusick, n.d.).  
 
2.6 PLANTWIDE MODELING OF PHOSPHORUS REMOVAL AND RECOVERY 
 
Plantwide modeling (PWM) provides a tool to quantify P removal and recovery 
potential based on the magnitude of recovery, technological feasibility and uncertainty, 
and environmental impacts as opposed to global discussions based on P mass from 
human excreta. Recent phosphorus removal and recovery assessments consider the 
feasibility of technologies at case-study scales, quantify environmental impacts of the 
processes, and consider the cost impact of the technologies. While the objectives vary 
amongst studies, typically multiple plant configurations are considered based on 1-10 
simulated influent characteristics with a study considering 2,000 as an outlier (Table 2.2). 
Studies integrate reported literature values for technology P removal or recovery to 
assess plant-wide feasibility or utilize software such as VMINTEQ, WEST, and BioWIN 








Table 2.2 Plant-wide modeling studies set-ups. 




 (Amann et al., 2018) Struvite recovery LCA 6 1 
 (Awad, Gar Alalm, & El-
Etriby, 2019) 
WWTP upgrade 
assessment in developing 
country 
4 1 
 (Hallas et al., 2019) Struvite feasibility at small 
plants (<2 MGD) 
1 4 
 (Mannina, Rebouças, 
Cosenza, & Chandran, 2019) 
Carbon and energy 
footprint of WWTP 
1 2000 
(Lizarralde, Fernández-
Arévalo, Manas, Ayesa, & 
Grau, 2019) 
P management from 
WWTP 
4 1 
 (Foley, de Haas, Hartley, & 
Lant, 2010) 
LCA of BNR plants 6 10 
 (Pradel & Aissani, 2019) LCA of sludge-based P 
fertilizer production 
4 1 






CHAPTER 3: MATERIALS AND METHODS 
 
3.1 PLANTWIDE CONFIGURATIONS 
 
 Plantwide configurations were modeled using GPS-X Hydromantis wastewater 
modeling and simulation software. Phosphorus removal or recovery processes studied 
included chemical co-precipitation, enhanced biological phosphorus removal (EBPR), 
and fluidized bed reactor (EBPR_FBR) struvite. The configurations chosen were based 
on the U.S. Clean Water Needs Survey 2012 data and input from industry collaborators. 
An activated sludge (AS) configuration served as the baseline model for 
comparison without P removal (Figure 3.1). The process relies on microorganisms to 
remove organic compounds in wastewater through metabolism, growth, and differential 
settling. The treatment then uses aeration to mix up the microorganisms causing them to 
flocc together, allowing them to be settled out in the secondary clarifier (Mackenzie, 
2010). The AS configuration consisted of a primary and secondary clarifiers, aeration 
basin modeled as a plug-flow tank with four basins followed by ultra-violet disinfection. 
The sidestream included sludge thickening, sludge stabilization in an anaerobic digester, 
and gravity dewatering. Chemical co-precipitation was incorporated in the AS 
configuration for the AS_CP configuration (Figure 3.2). Ferric chloride (FeCl3) addition 
preceded the secondary clarifier to simultaneously remove the metal precipitate with 
biological sludge. The dosage of ferric chloride was three times the theoretical molar 
removal of P (Mackenzie, 2010) defined by the stoichiometry of reaction (5).  
 
𝐹𝑒𝐶𝑙+ + 𝐻𝑃𝑂(#, 	⇔ 	𝐹𝑒𝑃𝑂( + 𝐻$ + 3𝐶𝑙,       (5) 
 
The EBPR configuration was modeled as Modified Bardenpho or 5-stage with a 
process of anaerobic, anoxic, aerobic, anoxic, and aerobic zones and internal recycled 
between the first aerobic and anoxic zones (Fig 3.3). The AS sidestream was modified to 
include centrifugal dewatering instead of gravity dewatering. The struvite recovery 
configuration was also incorporated to the EBPR configuration adding the fluidized bed 








Figure 3.2 Activated Sludge with ferric chloride chemical addition (AS_CP) plant configuration 







Figure 3.3 Modified Bardenpho enhanced biological phosphorus removal (EBPR) plant 




Figure 3.4 Modified Bardenpho enhanced biological phosphorus removal plant  with struvite 
precipitation (EBPR_FBR) configuration modeled in GPS-X software.  
 
3.2 SCENARIOS EVALUATED 
 
All configurations were assessed under one thousand randomly sampled 
scenarios at steady state, 20 ℃, and GPS-X model parameters were generally left at 
default settings. Each scenario ranged influent flow, composition, physical, and 
operational conditions. State variables were randomly sampled between bound ranges 
(Table 3.1) using monte carlo latin hypercube sampling to allow for a random uniform 
design space (McKay, Beckman, & Conover, 1979). Calculated and operational variables 
were based on state variables (Table 3.2). Calculated variables were dependent on molar 
ratios informed by basic design principles. Magnesium, calcium, and potassium kept at 
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0.33 ratio to influent P (Metcalf & Eddy, 2014).  EBPR PAO COD requirements were 
accounted for with a 60 COD:P ratio for P removal below 1.0 mg/L (U.S. EPA, 2009). 
 
Table 3.1 State variable ranges for random uniform latin 
hyper-cube sampling.  
Parameter Range Units 
Flow (QF) 5-60 MGD 
Total P 3.5-20 mg/L 
Total TKN 20-80 mg/L 
Ortho-P 1.6-4.7 mg/L 
 
Table 3.2 Scenario input variables   
Variable Type Input Units   
State influent flow (QInf) m3/d   
State total phosphorus gP/m3   
State total TKN gN/m3   
State ortho-phosphate gP/m3   
Calculated total COD gCOD/m3   
Calculated total potassium gK/m3   
Calculated total calcium gCa/m3   
Calculated total magnesium gMg/m3   
Operational underflow (QU) m3/d   
Operational WAS secondary clarifier pumped flow (QWAS) m3/d   
Operational Internal recycle flow (QRc)  m3/d   
Operational reactor tank maximum volume (V) m3/d   
Operational anaerobic digester maximum volume m3/d   
Operational thickener surface area (Ts) m2   
Operational struvite reactor height (H) m  
Operational MgCl2 addition m3/d  
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Table 3.2 (Cont’d) 
Variable Type Input Units  
Operational NaOH addition m3/d  
Operational pellet pumped flow (QP) m3/d  
 
 
3.3 OPERATIONAL DESIGN EQUATIONS 
 
The influent flow state variable (QInf) served as the design basis for operational 
plant flows (QU, QWAS,QRc) and reactor sizing. The underflow leaving the secondary 
clarifier was 65% of QF, the waste activated sludge sent to the sidestream was 5% of QF, 
and internal recycle flow (QRc) was 250% QF. Reactor tank sizing for each configuration 
was based on theoretical hydraulic residence times (HRT) in equation 5 (Table 3.3).  
 
𝐻𝑅𝑇 = 	 N
O
     (5) 
 
Table 3.3 Reactor tank sizing hydraulic retention times 
Configuration Reactor Tank HRT (hr) Maximum Tank Volume (m3) 
AS, AS_CP Aeration tank 6 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8XY ∗ 𝐻𝑅𝑇 
EBPR, 
EBPR_FBR 
Anaerobic Tank 4 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8XY ∗ 𝐻𝑅𝑇 
EBPR, 
EBPR_FBR 
Anoxic Tank 1 3 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8X + 𝑄WZY ∗ 𝐻𝑅𝑇 
EBPR, 
EBPR_FBR 
Aerobic Tank 1 12 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8X + 𝑄WZY ∗ 𝐻𝑅𝑇 
EBPR, 
EBPR_FBR 
Anoxic Tank 2 4 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8XY ∗ 𝐻𝑅𝑇 
EBPR, 
EBPR_FBR 
Aerobic Tank 2 1 𝑉𝑜𝑙𝑢𝑚𝑒	 = 	 S𝑄7UV + 𝑄W8XY ∗ 𝐻𝑅𝑇 
 
 
Clarifiers were designed using the “empiric” GPS-X model specifying solids 
removal efficiency at 99.5% removal. Gravity dewatering process was modeled as a 
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“simple” design specifying the polymer dosage (%TS) and recovery of solids percent. 
Based on first iterations the average solids feed percent was 3.72% within the expected 
range for PS + WAS (EPA, 1987) and therefore a 5% polymer dosage and 95% solids 
capture rate were used as reasonable assumptions (Metcalf & Eddy, 2014). Centrifugal 
dewatering was specified at 95% inert particulate matter capture and centrifuge effluent 
as a constant ratio of influent (0.01). 
Sludge thickening in the sidestream was modeled as a gravity thickener design 
based on surface area (Ts). Ts was calculated from the QWAS, underflow solids 
concentration, and solids loading rate for combined primary and secondary clarifier 
sludge. Thickener underflow solids was 7% or 70 kg/m3  and solids loading rate (kg/(hm2)) 
was set at 3.5, both were informed by basic principal designs from Mackenzie Davis 









	       (6) 
 
 
The anaerobic digestion operational variable, maximum volume VAD required 
iterative scenarios to be evaluated. The maximum volume of the digester was calculated 
based on an flow into the anaerobic digester and an HRT of 30 days. The first iteration of 
scenarios based flow into the anaerobic digester on an assumed percentage (X%) of QWAS. 
The first iteration provided the modeled flow into the digester from the thickener and was 
used in subsequent interactions.  
 
𝑉8r = 𝑋%(𝑄v8X) ∗ 𝐻𝑅𝑇         (7) 
 
 
The struvite fluidized bed reactor height was calculated based on an HRT of 2 
hours, constant cross sectional area, and the flow into the reactor. Magnesium chloride 
addition was based on a [Mg2+]:[PO43-] ratio of 1.3 and NaOH addition was a 1:1 ratio with 
magnesium. The operational pumped flow (Qp) had to be constrained by model 
functionality, making it 2.5% of the flow into the reactor. 
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      3.4 SCENARIO EVALUATION  
 
Scenario and configuration performance was evaluated based on phosphorus 
removal percentage, effluent total phosphorus concentration, sludge production, and 
struvite production. P mass flows were tracked for each plant to understand the 
magnitude and distribution of P removal for each configuration. Sludge production and 
struvite production in biosolids allowed operational comparisons to be made across 
configurations, speaking to the potential tradeoffs associated with the P removal 





 CHAPTER 4: RESULTS AND DISCUSSION 
 
4.1 EFFECTS OF CONFIGURATION ON P REMOVAL, SLUDGE PRODUCTION, AND 
EFFLUENT QUALITY  
 
Phosphorus removal trends followed configuration expectations (Figure 4.1A). AS 
maintained the lowest P removal at an average of 12% removal. EBPR demonstrated 
increased P removal at an average of 31%, which was enhanced further with the addition 
of struvite recovery to an average of 43% (EBPR_FBR). While the P removal of the 
EBPR_FBR increased from the EBPR configuration its P removal range also dramatically 
increased. The chemical dosage modeled for ferric chloride in A S_CP produced the 
highest and most reliable P removal across the configurations. TP effluent ranges 
between 3.16-12.27 (Table 4.1) 
The effluent total phosphorus concentration range narrowed across the 
configurations, but, only saw a change in the lowest effluent TP achievable from AS_CP 
at 0.66 mgP/L (Figure 4.1B). EBPR constrained the range of effluents compared to AS, 
and a further narrowing with the addition of struvite precipitation (EBPR_FBR). The 
bottoming out effect observed in EBPR and EBPR_FBR (Table 4.1) suggest another state 
or calculated variable impacting EBPR performance, especially when considering EBPR 
performance at TP effluents have been reported between 0.5-1.0 mgP/L. Performance 
across effluent quality characteristics is presented in table 4.1.  
 
Figure 4.1 A. Phosphorus removal percentage by configuration. AS_CP provide the highest and 
most stable P removal with EBPR_FBR increasing EBPR’s P removal. B. Effluent total 
phosphorus (mgP/L) concentration range by configuration. Range narrowed without impact on 
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Figure 4.1 B. (cont’d) the lowest achievable effluent TP for EBPR and EBPR_FBR. AS_CP saw 
the lowest average effluent TP at 0.66 mgP/L.  
Table 4.1 Effluent quality summary table across configurations.   
  AS AS_CP EBPR EBPR_FBR 
TSS (mg/L) 2.70-14.6 13.8-46.2 2.38-17.9 1.98-16.8 
COD (mg/L) 11.2-57.8 4.11-33.3 14.1-75.6 13.8-74.7 
TP (mg/L) 3.09-17.6 0.20-1.14 3.16-12.3 3.10-9.60 
TKN (mg/L) 1.12-3.79 0.25-1.96 1.26-4.84 1.24-4.80 
Ortho-P (mg/L) 3.03-17.3 0.01 3.10-10.9 2.34-8.49 
P mass in biosolids 
(kg/d) 9.70-512 79.8-4,018 852-2,220 636-2,120 
Struvite mass in 
biosolids (kg/d) 17.2-722 0.72-589 5.16-11,145 5.35-11,602 
Struvite mass 
collected (kg/d) - - - 0.30-847 
Ferric Chloride 
addition (kg/d) - - - 13,463-534,330 
 
Operational tradeoffs were recognized when comparing sludge (Figure 4.2A) and 
struvite (Figure 4.2B) production. The high P removal of AS_CP comes with an increase 
in sludge production at 5.5 times AS, 3.3 times EBPR, and 3.9 times EBPR_FBR on 
average. Similarly, EBPR and EBPR_FBR saw slight increases in sludge production, but 
most noticeably increased the struvite in biosolids. Increase in uncontrolled struvite, 
occurs due to the release of ortho-P from PAOs under anaerobic conditions, and therefore 
plants with sufficient magnesium and ammonium concentrations there can be struvite 




Figure 4.2 A. Sludge production increased with chemical addition of ferric chloride and microbial 
mass associated with enhanced biological phosphorus removal. B. Struvite production in sludge 
(kg/d) increased for the EBPR and EBPR_FBR configurations.  
 
4.2 EFFECTS OF INFLUENT FLOW AND INFLUENT TP ON P REMOVAL, SLUDGE 
PRODUCTION, AND EFFLUENT TP 
 
4.2.1 Activated Sludge Configuration 
 
Activated sludge P removal saw little impact from influent flow or influent TP, with 
the lowest P removal percent associated with the weak strength and high flows (Figure 
4.3A), as expected for a system not design to remove P. AS sludge production showed 
linear dependence on influent flow rate and influent TP concentration (Figure 4.3B). With 
little P removal, it follows TP effluent concentration depends on influent TP concentration 
and not influent flow (Figure 4.3C). Activated sludge plants most often implement 
upgrades to meet P effluent limits either using chemical precipitation or EBPR (Hallas et 




Figure 4.3 A. Activated Sludge phosphorus removal is randomly associated with influent 
concentration and flow for AS not designed for P removal. B. Activated Sludge demonstrates the 
linear co-dependence of sludge production on wastewater flow rate and strength. C. Activated 
Sludge effluent TP concentration demonstrates linear dependence on influent total phosphorus 
concentration. 
 
4.2.2 Activated Sludge with Chemical Precipitation (AS_CP) Configuration 
 
The consistently high P removal noted in Figure 4.1A for AS_CP can be seen in 
Figure 4.4A noting the lowest removal for low strength and high rate scenarios. Similar to 
AS, AS_CP sludge production (Figure 4.4B) showed co-dependence on influent flow and 
TP concentration and TP effluent concentration linear dependence on influent TP 
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concentration (Figure 4.4C). AS_CP was modelled at three times the theoretical molar 
removal of 100% of P, which is reflected in the consistent P removal to TP effluent 
concentrations below 1.0 mg/L. In practice, ferric chloride chemical addition ranges from 
1-3 times the P concentration depending on performance and wastewater characteristic 
data observed at the plant (Mackenzie, 2010). Chemical precipitation plants have been 
observed to reach TP effluents of 0.5-1.0 mg/L dosing (U.S. EPA, 2009). 
 
 
Figure 4.4 A. Activated sludge with chemical precipitation (AS_CP) phosphorus removal achieves 
high removal for all cases, with the exception of high flow and low TP concentration. B. AS_CP 
demonstrates linear dependence for sludge production on wastewater flow rate. C. AS_CP 







4.2.3 Enhanced Biological Phosphorus Removal (EBPR) Configuration 
 
 EBPR saw a general dependence of P removal on influent P, but with more overlap 
of P removal in gradients than AS or AS_CP (Figure 4.5A). The noted “mixing” effect 
indicates a secondary impact factor for P removal performance further explored in section 
4.3. Sludge production followed the linear co-dependence expected (Figure 4.5B). 
Effluent total P demonstrated even less dependence on influent total phosphorus 
concentrations (Figure 4.5C). 
 
 
Figure 4.5 A. Enhanced biological phosphorus removal (EBPR) achieves highest removal 
associated with higher TP influent concentrations. B. EBPR demonstrates linear co-dependence 
for sludge production on wastewater flow rate and strength. C. EBPR effluent TP concentration 
demonstrates less linear dependence on influent TP. 
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4.2.4 Struvite Recovery Fluidized Bed Reactor (EBPR_FBR) Configuration 
 
 P removal of EBPR_FBR showed overlap for influent TP concentrations greater 
than 8 mgP/L, with multiple low removals occurring at higher TP influents across the range 
of influent flows (Figure 4.6A). TP effluent concentration held even less dependence on 
TP influent of influent flow indicating further assessment of the model is required to 
understand its performance (Figure 4.6B). Sludge production followed the identical trends 
of AS, AS_CP, and EBPR (Figure 4.6C). The struvite production from the FBR (Figure 
4.6D) appeared to be have a co-linear dependence on influent flow and influent 
phosphorus. 
 
Figure 4.6 A. Enhanced biological phosphorus removal with struvite precipitation (EBPR_FBR) 
sees the widest range of P removal across TP influent and flow rate. B. EBPR_FBR demonstrates 
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Figure 4.6 B (cont’d) linear co-dependence for sludge production on wastewater flow rate and 
strength. C. EBPR_FBR effluent TP concentration shows little dependence on the influent TP or 
flow rate. D. Struvite recovered or collected from the FBR appears to be co-linear dependent on 
TP and flow rate.  
 
4.3 EFFECTS OF INFLUENT FLOW AND INFLUENT TKN ON P REMOVAL 
 
 EBPR and EBPR_FBR demonstrated a secondary dependence impacting 
scenarios P removal and therefore the state variable of influent TKN was explored in 
relation to P removal for both configurations. Higher influent TKN values were associated 
with lower P removal, but also saw overlapping in scenarios P removal for EBPR (Figure 
4.7A). When TP removal was compared as a function of influent TP and influent TKN it 
showed linear co-dependence with the highest removal at the highest influent TP and 
lowest influent TKN (Figure 4.7B). The EBPR model calculated COD requirements for 
EBPR based solely on influent TP concentration, but this linear co-dependence suggests 
a more effective way to model would be to calculate COD for effective removal on both 
TP and TKN. This approach might better predict performance based on COD limitation or 
excess in aerobic stages. The same comparison for EBPR_FBR did not show 
dependence on influent TKN or as pronounce linear co-dependence on influent TKN and 
TP, suggesting another controlling variable over the process (Figure 4.8A,B). This 
provides insight into the broad range of P removal observed in Figure 4.1A suggesting 
the need for another state or calculated variable in the model design. 
 
Figure 4.7 A. Enhanced biological phosphorus removal (EBPR) achieves moderate removal 
under a lower range of influent TKN values. B. EBPR P removal performance demonstrates linear 
co-dependence on influent TKN and TP. 
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Figure 4.8 A. EBPR_FBR showed little dependence on influent TKN or influent flow showing an 
alternative governing variable. B. EBPR_FBR PR performance improved in a co-linear 
dependence on decreased TKN and increased TP, however, to a lesser degree than the EBPR 
plant suggesting another governing variable regarding performance.  
 
4.4 UNDERSTANDING EBPR PERFORMANCE 
 
Upon initial inspection of influent TKN’s inverse relationship with P removal, it was 
hypothesized the system may be carbon limited in the anaerobic zone.  However, when 
comparing effluent COD concentration with influent TP and TKN (Figure 4.9A) COD 
appeared only to be impacted by the TP concentration. Additionally, the average effluent 







Figure 4.9 A. Effluent COD concentration (mg/L) dependent on influent total phosphorus 
concentration, suggesting EBPR system is not carbon limited. B. COD effluent concentration 
average at 45 mg/L suggesting EBPR system is not carbon limited. 
 
The ortho-phosphate release indicated in the anaerobic zone shows effective VFA 
uptake by PAOs, but the release of ortho-P in the second anoxic zone and minimal P 
uptake in the final aerobic tank indicate the system has excess carbon (Figure 4.10A). 
Nitrate concentrations were low in the anaerobic stage ruling out nitrates impact on 
diminished performance (Figure 4.10B).  
 
Figure 4.10 A. Ortho-P concentration across EBPR system shows release in the second anoxic 
tank. B. EBPR nitrate concentrations across the 5 stages indicates the release of nitrates from 




4.5 ENGINEERING DESIGN IMPLICATIONS 
 
 The plant wide modeling of this study demonstrated predictable performance of 
the activated sludge and chemical precipitation models with further work to be done 
regarding enhanced biological phosphorus removal and struvite recovery. Chemical 
precipitation showed effective and predictable with the operational tradeoff of sludge 
production and operational cost of chemical addition depending on ferric chloride dosing. 
EBPR performance was unable to achieve TP effluent concentrations of previous studies. 
The co-linear dependence of COD on influent TKN and TP suggests the calculated COD 
variable should be based on both TKN and TP versus solely based on a C:P ratio. The 
release of ortho-P within the system amplified the need for a refined carbon concentration 
indicating the system was carbon rich leading to decreased performance. Fine tuning the 
carbon concentration needed for optimized EBPR performance requires reiterated plant 
wide modeling simulations. The EBPR_FBR model did not predict performance across 
the range of flows and influent characteristics due to the previously stated observed 
issues with the EBPR model the EBPR_FBR is based on. Additionally, it appears the 
struvite collection pumped flow limitation within the model minimizes the struvite mass in 
the collection stream, leaving large portions of the struvite precipitation in the return 
stream to the headworks of the plant. Further modeling of the fluidized bed reactor flows 
should be assessed, and the addition of a settling tank for the return line could be an 
intermediate solution to capturing the struvite produced within the reactor.  
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CHAPTER 5: CONCLUSION AND FUTURE OUTLOOK 
 
The design space of this study in terms of scenarios and configurations assessed 
are meaningful as demonstrated by the literature review. Further work to refine the 
configurations under the varied studies will help to contextualize the models results and 
situation them within TP effluent ranges observed in the field. In order to provide reliable 
quantifications of P removal and recovery potential across the configurations to meet 
effluent limits the PWM should be further refined.  
Future work seeks to identify an optimized C:P:N ratio for EBPR performance 
below TP effluents of 1.0 mg/L by holding all state, calculated, and operational variables 
constant and ranging the C:P:N ratio for each iteration of 1,000 simulations. The same 
iteration sequence should be used to determine the optimum ferric chloride to P ratio for 
effective P removal to minimize the impact chemical addition will have on operational 
costs. The EBPR_FBR configuration should see improved performance from the 
refinements to the EBPR configuration, but the hydraulic variables specific to the fluidized 
bed reactor should be evaluated for maximum recovery of the struvite precipitation within 
the reactor. These refinements will provide an important quantification of P removal and 
recovery across the configurations. The data sets from this study can be utilized in life 
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